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BACKGROUND OF THE INVENTION 
Field of the Invention. 

This invention relates to hydrogenated amorphous silicon materials, and, in 
particular, it relates to a method of making hydrogenated amorphous silicon films which are 
characterized by an improved stability to metastable degradation and useful in amorphous silicon 
devices. 

Description of the Related Art. 

An amorphous silicon device, such as a silicon solar cell, is comprised of a body of 
hydrogenated amorphous silicon (a-Si:H) material, which can be formed in a glow discharge of 
silane or other chemical vapor deposition techniques. Such cells can be of the type described in 
U.S. Pat. No. 4,064,521 entitled: Semiconductor Device Having a Body of Amorphous Silicon, 



issued to D.E, Carlson on 20 December 1977. Amorphous hydrogenated silicon based device 
technology is currently the leading candidate for large area, low-cost photovoltaic applications. 

For solar cells, the basic device structure is a single p-i-n junction or an n-i-p 
junction in which all layers are traditionally amorphous and are made in a continuous plasma 
deposition process. The substrate of the solar cell can be made of glass or a metal, such as 
aluminum, niobium, titanium, chromium, iron, bismuth, antimony or steel. A metallic contact can 
be formed on the back of the substrate. 

However, since its discovery in 1977, a distinct disadvantage in application of 
these materials in devices has heretofore been the problem of light-induced metastability of the a- 
Si:H films themselves. See, Staebler, D.L, and Wronski, C. R., Appl. Phys,. Lett., 31, 1977, 292. 
Briefly, the exposure of device-quality a-Si:H films to light or excess carriers results in an increase 
in the density of neutral threefold-coordinated dangling-bond (DB) defects by one to two orders 
of magnitude. The excess in defects reduces carrier lifetimes and photoconductivity in the films 
which sharply limits the usefulness of a-Si:H as an inexpensive semiconductor material. 

A new model of light-induced metastability (Staebler-Wronski effect) in a-Si:H has 
more recently been disclosed. There, it is postulated that when two mobile H atoms, generated by 
photo-induced carriers, collide they form a metastable-immobile-complex which contains two Si- 
H bonds. Excess metastable dangling bonds remain at the uncorrected sites, from which the 
colliding hydrogen molecules were excited. This quantitative model accounts for many of the 
experimental observations which relate to the microscopic nature of the degradation problem and 
the associated kinetics of light-induced-defect-creation under various conditions. See, Branz, EL, 
Solid State Communications, Vol. 105, No. 6, pp. 387-391, 1998. 



It is well known that the light-induced DB defects are metastable because they can 
be reversed. In the prior art, one method of reversing metastability includes annealing the films 
for 2 hours at temperatures greater than 150° C. Another way of annealing light-induced changes 
in the dark conductivity and photoconductivity of a-Si:H thin films involves the ultraviolet (UV) 
5 irradiation (wavelength » 254 nm) of the films at room temperature. With this annealing process, 
a problem exists in that although the bulk photoconductivity of the film is improved, the UV 
irradiation is mostly absorbed near the top surface of the films and causes considerable surface 
damage. G. Ganguly, et al, Appl. Phys. Lett. 55, 1975 (1989). Further, illumination will cause 
Staebler-Wronski degradation of all amorphous silicon after such reversal treatments, Thus, what 
*30 is needed is a process which, unlike the foregoing reversal methods, produces device-quality a- 
?t Si:H films which are highly resistant to metastable degradation without deleterious surface 
S J 1 damage and thereby demonstrate an improvement in stability under light exposure or excess 

Li* 

carrier conditions when used in amorphous silicon devices. 

C|5 SUMMARY OF THE INVENTION 

It is accordingly an object of the invention to provide novel hydrogenated 
amorphous silicon films which are characterized by an improved resistance to metastable 
degradation. 

It is another object of the invention to provide a novel method for producing 
20 device-quality a-Si:H films which are highly resistant to metastable degradation and thereby 
demonstrate an improved stability when exposed to light or excess carriers. 
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It is yet another object of the invention to provide amorphous silicon devices 
which, through use of the novel a-Si:H films made according the method herein, are characterized 
by an improvement in stability when used under light or excess carrier conditions. 

Briefly, to overcome the problems associated with the prior art methods and in 
5 accordance with the purpose of the invention, as embodied and broadly described herein, the 
invention is intended to provide a method of producing amorphous hydrogenated silicon films 
which are resistant to metastable degradation, the method comprising the steps of growing a 
hydrogenated amorphous silicon film, the film having an exposed surface, illuminating the surface 
using an essentially blue or ultraviolet light to form high densities of a light induced defect near 
t|0 the surface, and etching the surface to remove the defect. 

I* Additional advantages of the present invention will be set forth in part in the 

W description that follows and in part will be obvious from that description or can be learned from 
*** practice of the invention. The advantages of the invention can be realized and obtained by the 
I method particularly pointed out in the appended claims. 

u DESCRIPTION OF THE DRAWINGS 

The accompanying drawings, which are incorporated in and which constitute a part 
of the specification, illustrate at least one embodiment of the invention and, together with the 
description, explain the principles of the invention. 
20 Figure 1 is a flow diagram of the process according to the invention. 

Figure 2 is a graph showing an improvement in the stability of an a-Si:H film 
prepared using the process of the invention. 
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Figure 3 is a schematic diagram of a Schottky barrier photovoltaic cell having an 
amorphous hydrogenated silicon material made according to the method herein and deposited on 
a stainless steel substrate in accordance with Example 2. 

5 DESCRIPTION OF THE PREFERRED EMBODIMENTS 

Unless specifically defined otherwise, all technical or scientific terms used herein 
have the same meaning as commonly understood by one of ordinary skill in the art to which this 
invention belongs. Although any methods and materials similar or equivalent to those described 
herein can be used in the practice or testing of the present invention, the preferred methods and 
l%0 materials are now described. 

I* The invention provides a process for improving a-Si:H stability by increasing the 

^ density of metastable two-hydrogen complexes without simultaneously increasing the dangling- 
f * bond density. Referring now to the drawing figures, in Figure 1 it is shown generally at 10 a 

device comprised of an a-Si:H film 2 deposited on a suitable substrate 4, such as glass. The film 2 
|J5 may be incorporated into a solar cell, transistor, sensor or any other device utilizing a-Si:H or it 
Q may be an alloy based on a-Si:H, such as a-SiGe:H or a-SiC:H. The device 10 may be prepared 
according to any method well known in the art. For example, a-Si:H devices 10 may be prepared 
by the glow discharge decomposition of 10 seem of pure silane at a chamber pressure of 0.3 Torr 
with radio frequency power of 5 W (13.56 MHz frequency) onto substrates 4 held at 250° C. 
20 Metal contacts 3 are also provided for measurement of photoconductivity. 

An excess metastable (M(Si-H) 2 ) region 2c is created using illumination of the a- 
Si:H film layer 2 with blue or ultraviolet light 5, as shown through cross section A of the device 

5 



10. The illumination step increases the dangling-bond density in damaged region 2a, but, at the 
same time, gently drives excess mobile hydrogen 2b into the bulk of the film 2 where it passivates 
dangling-bonds and forms the two-hydrogen complexes M (Si-H) 2 in the bulk region 2c. An 
etching step is then used to remove the damaged surface layer 2a, leaving behind a hydrogen- 
5 enriched film 2c. The illumination and etch steps may be repeated many times, and can be done 
either in a deposition chamber or outside it after deposition of the film 2 itself 

In some applications the film must be carefully handled subsequent to the 
ultraviolet light illumination processing step. For example, annealing for about 1 hour at 200° C 
or more will cause hydrogen to redistribute within the film, and this redistribution of hydrogen 
I jo will annul the improvements achieved with the ultraviolet-light-illumination and etch steps, 
M according to the method of the invention. Moreover, when using the film in device applications, 
^ thermal treatment of the doped contacts or other layers subsequent to the illumination and etch 

steps is desirably limited to temperatures in a range of less than 1 50° C. 
U Referring again to Figure 1, when a film prepared according to the method of the 

£15 present invention is used under illumination conditions, mobile hydrogen 2c is released from the 
^ metastable two-hydrogen complexes, and this release stabilizes the material against excessive 
metastable dangling bond formation (Staebler-Wronski effect). 

The following examples illustrate the manner in which the amorphous 
hydrogenated silicon materials in accordance with the method of the present invention can be 
20 made and used in device quality applications. 
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EXAMPLE 1 

Referring once again to Figure 1 a device 10 having an a-Si:H layer 2 
approximately 4800A in depth was cut in half along cross section A. One half of the sample was 
illuminated for 40 minutes with about 38 mW/cm " 2 of UV light obtained from a Hg-Xe compact 
arc lamp light source filtered through a 335 nm filter with a 100 nm wide band pass. The other 
half of the sample was used as the control without illumination. Each half was then etched in a 
20% solution of NaOH in water for about 3 minutes in order to remove the upper 700A of the 
surface, leaving an a-Si:H layer(s) 2c of approximately 4100A. The layers 2c were illuminated 
continuously by 100 mW/cm ~ 2 of red light from a white source filtered by a 650 nm filter with a 
100 nm wide bandpass. Periodic photoconductivity measurements were made under this same red 
light. 

In Figure 2, the photoconductivity (S/cm) for each of the above samples is 
graphically illustrated as a function of time. The dashed line represents the measured results for 
the UV illuminated sample, and the solid line represents the control results. From this graph, it is 
easily observed that the UV illuminated and etched sample was more stable over time. 

EXAMPLE 2 

This example illustrates an improved resistance, measured as the function of open- 
circuit voltage, to metastable degradation under light-soaking conditions using Schottky barrier 
photovoltaic cells. Referring now to Figure 3, it is shown generally a schematic diagram of the 
Schottky cell 20 as deposited on a stainless steel substrate 21. Here, a 500A thick n-layer 22 was 
deposited using plasma-enhanced chemical vapor deposition (PECVD) from PH 3 , H 2 and SiEL* 



source gasses. A 3000A thick i-layer 23 was also PECVD deposited from a SiH4 source gas. A 
portion of this thin film 23 was then treated with ultraviolet light for 1 hour using the light source 
and intensity conditions set forth above. Then, an overlapping portion of the sample surface was 
etched in a 20% solution of NaOH in water for about 1 minute to remove about 700A from the 
5 top i-layer 23 surface. A portion of the sample which was not etched had been treated with 

ultraviolet light in order to serve as an experimental control. Semitransparent Pd top-contacts 24, 
having a thickness of about 140A, were then deposited on all regions of the film to complete the 
Schottky photovoltaic devices 20 of Figure 3. 

Many of the devices 20 were then measured, before and after a 3 day of light 
3 0 soaking condition, with about 100 mW/cm of white light from a multi-vapor metal-halide lamp 
H source, After deposition, all devices which had not been exposed to the ultraviolet light 
W illumination step had an open-circuit voltage of 0.48 to 0.49 under 1 sun of white illumination. 
f * The ultraviolet illuminated and etched devices were inferior, having voltages in the range of about 
0.44 to 0.46. After illumination stress, all devices which had not been exposed to ultraviolet light 
i |5 showed an approximately 0.47 volts due to the Staebler-Wronski degradation effect. However, 
P devices treated with the ultraviolet light illumination and etch steps, according to the method of 
the invention, actually demonstrated an improvement upon subsequent light soaking, to about 
0.49 volts. These results demonstrate that the expected improvement in stability was due to the 
ultraviolet and etch treatment steps, in sequence, according to the method of the present 
20 invention. 

While the present invention has been illustrated and described with reference to 
particular structures and methods of fabrication, it will be apparent to those skilled in the art that 
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other changes and modifications can be made therein, within the scope of the present invention as 
defined by the appended claims. 
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I Claim: 

1 . A method of producing an amorphous hydrogenated silicon film resistant 
to metastable degradation, comprising the steps of: 

(a) growing a hydrogenated amorphous silicon film, the film having an 
exposed surface; 

(b) illuminating the surface with an essentially blue or ultraviolet light to form 
high densities of a light induced defect near the surface; and 

(c) etching the surface to remove the defect. 

2. The method of claim 1 further comprising using the amorphous 
hydrogenated silicon film in an electronic, optoelectronic, or photovoltaic device. 

3. The method of claim 1 wherein the defects are in a near-surface region 
extending 1,000-1 0,000A into the film surface. 

4. The method of claim 1 wherein etching comprises using a liquid etchant to 
remove 500 - 10,000A of the surface. 

5. The method of claim 1 wherein etching comprises using a reactive 
hydrogen in a plasma or chemical vapor deposition reactor to remove 500 - 10,000A of the 
surface. 

6. The method of claim 1 further comprising after etching, repeating the steps 
of illuminating and then etching for a plurality of cycles wherein a population of a two-hydrogen 
complexes is increased in a bulk of the film. 

7. The method of claim 6 wherein the plurality of cycles is for a number 
sufficient to reduce the hydrogenated amorphous silicon film to a predetermined thickness. 
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of claim 1 . 



of claim 3. 



of claim 6. 



8. A hydrogenated amorphous silicon film produced according to the method 



9. A hydrogenated amorphous silicon film produced according to the method 



10. A hydrogenated amorphous silicon film produced according to the method 



1 1 . The method of claim 1 wherein growing, illuminating, and etching are 
performed as steps in an a-Si:H film deposition process. 

12. The method of claim 3 wherein growing, illuminating, and etching are 
performed as steps in an a-Si:H film deposition process. 

13 . The method of claim 6 wherein growing, illuminating, and etching are 
performed as steps in an a-Si:H film deposition process. 

14. The method of claim 1 wherein the a-Si:H further comprises an alloy 
selected from the group consisting of a-SiGe:H and a-SiC:H. 

1 5 . The method of claim 3 wherein the a-Si:H further comprises an alloy 
selected from the group consisting of a-SiGe:H and a-SiC:H 

16. The method of claim 6 wherein the a-Si:H further comprises an alloy 
selected from the group consisting of a»SiGe;H and a-SiC:H. 

17. The method of claim 9 wherein the a~Si:H further comprises an alloy 
selected from the group consisting of a-SiGe:H and a-SiC:H. 
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ABSTRACT OF THE INVENTION 
A method of producing a metastable degradation resistant amorphous 
hydrogenated silicon film is provided, which comprises the steps of growing a hydrogenated 
amorphous silicon film, the film having an exposed surface, illuminating the surface using an 
essentially blue or ultraviolet light to form high densities of a light induced defect near the surface, 
and etching the surface to remove the defect. 
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My (Our) residence, post office address and citizenship(s) are as stated below next to my (our) name(s). 

I believe I am the original, first and sole inventor (if only one name is listed below) or an original, first and joint 
inventor (if plural names are listed below) of the subject matter which is claimed and for which a patent is sought on the 
invention entitled 

METHOD FOR IMPROVING THE STABILITY OF AMORPHOUS SILICON 



the specification of which (check one) 

is attached hereto d as filed on as Serial No. 

and was amended 

I (We) hereby state that I (we) have reviewed and understand the contents of the above-identified specification, 
including claims, as amended by any amendment referred to above. 

I (We) acknowledge the duty to disclose information which is material to the examination of this application in 
accordance with Title 37, Code of Federal Regulations, § 1.56(a). 

I (We) hereby claim foreign priority benefits under Title 35, United States Code § 1 1 9 of any foreign application(s) 
for patent or inventory certificate listed below and have also identified below any foreign application for patent or inventor's 
certificate having a filing date before that of the application on which priority is claimed: 

PRIOR FOREIGN APPLICATION(S) 

Priority 

j 5 ! claimed 

J □ □ 

*z Number Country Filed (Day/Month/Year) Yes No 

id I (We) hereby claim the benefit under Title 35, United States Code, § 120 of any United States application(s) listed 
IMow and insofar as the subject matter of each of the claims of this application is not disclosed in the prior United States 
application in the manner provided by the first paragraph of Title 35, United States Code, § 1 12, 1 (we) acknowledge the duty 
tMdisclose material information as defined in Title 37, Code of Federal Regulations, § 1.56(a) which occurred between the 
fifing date of the prior application and the national or PCT international filing date of this application: 



SirialNo. 60/165,751 Filing Date 


11/16/99 


Status Pending 


POWER OF ATTORNEY: As the named inventorfs), I (we) herebv appoint the following attornev(s) and/or agent(s) 
to prosecute this application and transact all business in the Patent and Trademark Office connected therewith. 


Names and Registration Nos. 


Names and Registration Nos. 


Paul J. White 30,346 
Ken Richardson 27,3 78 




Send Correspondence to: 

Paul J. White 
Senior Counsel 

National Renewable Energy Laboratory 
1617 Cole Boulevard 
Golden, CO 80401 


Direct Telephone Calls to: 
(Name and Telephone Numbers) 

Paul J. White 

303/384-7575 
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~iVelxereby declare that all statements made herein of our own knowledge are true and that all statements made on information 
and belief are believed to be true; and further that these statements were made with the knowledge that willful false statements 
and the like so made are punishable by fine or imprisonment, or both, under Section 1001 of Title 18 of the United States 
Code and that such willful false statements may jeopardize the validity of the application or any patent issued thereon. 



Full name of joint invento f / HOWARD IVLBRANZ 



Inventor's signature jj^^j^ jM. IS^L^S Date A/*ia 3 OOP 

Residence Boulder. Colorado Citizenship USA 



Post Office Address 897 Laurel Avenue 



Boulder. CO 80303 



Full name of joint inventor . 



Inventor's signature Date 

Residence _ Citizenship . 

Post Office Address 



Fuji name of joint inventor 

Inventor's signature Date 

R|| idence Citizenship . 

PMt Office Address 



F^H name of joint inventor 

Ii&Nbntor's signature Date 

Residence Citizenship . 

Post Office Address 



Full name of joint inventor __ 

Inventor's signature Date 

Residence Citizenship 

Post Office Address 
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